Early detection is an essential step for effective intervention of sickle cell retinopathy (SCR). Emerging optical coherence tomography angiography (OCTA) provides excellent three-dimensional (3D) resolution to enable label-free, noninvasive visualization of retinal vascular structures, promising improved sensitivity in detecting SCR. However, quantitative analysis of SCR characteristics in OCTA images is yet to be established. In this study, we conducted comprehensive analysis of six OCTA parameters, including blood vessel tortuosity, vessel diameter, vessel perimeter index (VPI), area of foveal avascular zone (FAZ), contour irregularity of FAZ and parafoveal avascular density. Compared to traditional retinal thickness analysis, five of these six OCTA parameters show improved sensitivity for SCR detection than retinal thickness. It is observed that the most sensitive parameters were the contour irregularity of FAZ in the superficial layer and avascular density in temporal regions, while the area of FAZ, tortuosity and mean diameter of the vessel were moderately sensitive. E2395-E2402 (2015). 12. Z. Chu, J. Lin, C. Gao, C. Xin, Q. Zhang, C. L. Chen, L. Roisman, G. Gregori, P. J. Rosenfeld, and R. K. Wang, "Quantitative assessment of the retinal microvasculature using optical coherence tomography angiography," J.
Introduction
Sickle Cell Disease (SCD) is an inherited red blood cell disorder that affects 90,000 -100,000 Americans [1] , making it one of the most prevalent genetic disorders in the United States [2] . Red blood cells with normal hemoglobin have a disc shape and this round shape allows the cells to be flexible so that they can move through not only large blood vessels but also small capillaries to deliver oxygen. In SCD, however, red blood cells deform into a C-shaped farm tool called a "sickle". When sickle cells travel through small blood vessels, they can get stuck and occlude blood flow and thus prevent oxygen from reaching vital organs. Consequently, patients with SCD suffer from microvascular occlusions in various parts of their body, including the retina. Sickle cell retinopathy (SCR) is one of the major ocular manifestations of SCD. The underlying systemic and ocular manifestations of SCD are a result of vasoocclusive ischemia due to the blocking of blood vessels by sickle-shaped erythrocytes.
SCR typically involves peripheral retinal vessels. At this time, the clinical staging system is of limited value in predicting progression of SCR. Further, standard fundus-based clinical examination typically shows normal to minimal findings in the macular area in sickle cell patients [3] . Although patients are asymptomatic, many adult sickle cell patients do harbor findings of SCR that precede the clinical detection of a foveal depression sign [4] , such as macular thinning measured by optical coherence tomography (OCT) [5] or vascular abnormalities in the macular region based on fluorescein angiography (FA) [6] . However, the existing techniques are limited in detecting subclinical signs of SCR. For instance, FA requires dye injection and cannot detect abnormalities in ~50% of eyes in sickle cell patients, compared with recently emerged OCT Angiography (OCTA) [7] . New technique is desirable for detecting subclinical sign of SCR.
OCTA has been used for quantitative assessment of retinal vascular structures [8] [9] [10] [11] [12] . OCTA allows visualization of multiple retinal layers with high resolution and therefore is more sensitive than traditional FA in detecting SCR [7] . Thus, OCTA may be able to further the classification of SCR by including data with prognostic value. OCTA is currently available commercially for clinical use. However, quantitative analysis of SCR characteristics in OCTA images is yet to be established. In this study, we conducted comparative analysis of six OCTA parameters, including blood vessel tortuosity, vessel diameter, vessel perimeter index (VPI), area of foveal avascular zone (FAZ), contour irregularity of FAZ and parafoveal avascular density of control and SCR groups. The goal was to assess how the parameters correlated with retinal thickness and how sensitive the parameters could detect SCR, and thus to establish a metric for quantitative OCTA assessment of SCR.
Materials and methods

Data acquisition
This study was approved by the Institutional Review Board of the University of Illinois at Chicago and was in compliance with the ethical standards stated in the Declaration of Helsinki. The SCD patients were recruited from University of Illinois at Chicago (UIC) Retinal Clinic. The majority of patients (N = 14, 78%) had Stage II of retinopathy with the remaining as Stage III (N = 4, 22%). The quantitative study was based on OCTA images of 18 SCD patients (7 males and 11 females; 18 African Americans) and 13 control subjects (12 males, 1 female, 3 African Americans). The mean age was 40 years (range 24 to 64) for the patients and 37 years (range 25 to 71) for the control. OCTA images of both eyes (OS and OD) were analyzed in this study, so the database consisted of 36 SCR eyes and 26 control eyes. The subjects of the control group were chosen based on their previous ocular history, absence of any systemic diseases, or any visual symptoms; a normal-appearing retina on clinical examination; and a normal reflectance OCT of the macula.
SD-OCT data was acquired using an ANGIOVUE SD-OCT angiography system (OPTOVUE, Fremont, CA, USA), with a 70-KHz A-scan rate. OCTA images were constructed using split-spectrum amplitude-decorrelation angiography (SSADA) algorithm with integrated motion correction algorithm [13] . The axial resolution is ∼5 μm while lateral resolution is ∼15 μm. The scanning protocol in this system provided a field of view (FOV) of 3 mm × 3 mm, 6 mm × 6 mm or 8 mm × 8 mm. For our calculation, we used only 3 mm × 3 mm portions from the OCTA images. OCT angiography images were exported using the software ReVue (Optovue, Fremont, CA). The ReVue was used to segment superficial and deep inner retinal vascular plexuses. It was also used to measure the retinal thickness from the OCT B-scans, the thickness was measured from the outermost layer of fovea to the retinal pigment epithelium (RPE) layer. Custom-developed MATLAB (R2015b, MathWorks, Inc.) procedures with graphical user interface (GUI) were used for further image analysis and quantitative comparison.
Quantitative parameters for OCTA analysis
Six OCTA parameters, including blood vessel tortuosity, vessel diameter, VPI, area of FAZ, contour irregularity of FAZ and parafoveal avascular density, were used to analyze and quantify the OCTA images from SCD patients and compare the patient data with control subjects using Student t-tests. Effect sizes (Cohen's d) were also calculated to quantify the difference in the outcome between the groups normalized by the pooled standard deviations. Pearson correlations between retinal thickness and the OCTA parameters were computed separately for the controls and SCD patients. Finally, canonical discriminant analysis was conducted to assess which measurements (retinal thickness, OCTA parameters) were most sensitive to differentiate SCD patients vs. controls. For the discriminant analysis, the variables with small canonical loadings (correlations between the observed variables and the discriminant function) were sequentially removed until all remaining variables had canonical loadings > 0.3 (a critical loading value for a variable considered to be important).
The rationale of each of these six OCTA parameters is briefly summarized in the following sessions.
Blood vessel tortuosity
Retinal blood vessels in SCD patients are known to be more tortuous than those in normal subjects [14] [15] [16] , due to sickle cell anemia. Therefore, quantitative analysis of blood vessel tortuosity can be valuable. In this study, quantitative analysis of the tortuosity is conducted for large blood vessel branches in the superficial layer. As the sickle cells affects the retinal vasculature, the tortuosity is visually prominent in large vessels and they have statistically more reliable tortuosity measurement index [17] .The first step is to reconstruct en-face OCTA image of the superficial layer of retina ( Fig. 1(a) ). The second step is to segment the large blood vessels using global thresholding [12] , morphological functions ( Fig. 1(b) ) and fractal dimension classification [18] . This binary vasculature map was then skeletonized. The skeletonization process removes pixels on the boundaries of vessels but does not allow objects to break apart [19, 20] . The remaining pixels make up the image skeleton. After this, each branch of the blood capillaries was identified with two endpoints (points A and B in Fig. 1(c) ) so that the geodesic and Euclidian distances for each branch could be calculated. The tortuosity of a single branch is defined by the distance metric [21] [22] [23] [24] [25] which is the ratio of geodesic distance and Euclidean distance between the two endpoints. For two points A(x1, y1) and B(x2, y2) in a two dimensional plane as shown in Fig. 1 , Euclidean distance is calculated using the following equation [25] ,
If we define each of the segmented branches with [x(t),y(t)] on the interval [t 0 , t 1 ], the geodesic distance between the endpoints i.e. A and B can be calculated with the following equation [25] ,
The tortuosity of each branch of blood vessels was calculated and the average tortuosity of the image was measured [25] , 1 
1
.
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where i is the ith branch and n is the number of branch.
Mean diameter of blood vessel
As the sickle cells affect the blood flow inside the vessels and thus cause structural change in the vasculature, the mean diameter of blood vessels is an important parameter to analyze in OCTA images. Large blood vessels from superficial en-face OCTA image were measured to quantify this parameter. The large vessel area was calculated from the vessel map ( Fig. 1(b) ) and length was calculated from the skeleton map ( Fig. 1(c) ). Mean vessel diameter was then calculated as the ratio of vessel area and length using the following equation [12] ,
where B (i,j) represents the pixels occupied by the vessels and S (i,j) represents the pixels occupied by the vessel skeleton (i, j represent the row and column positions of each pixel of the image). With this parameter, localized vascular dilation would be easily identified and it could serve as a marker for vascular abnormalities.
Vessel perimeter index (VPI)
Large blood vessels in the en-face OCTA image were used to measure this parameter. From the binary vasculature map, a vessel perimeter map ( Fig. 3(a) ) was obtained by detecting the edge of vessels and deleting the pixels that were not close to the edge of the vessels. The VPI was calculated as the ratio of perimeter pixel area and total image area using the following equation [12] , 
where P (i,j) represents the pixels within the vessel perimeters (white pixels on Fig. 3(a) ) and I (i,j) represents all the pixels in the vessel perimeter map. This parameter is a good marker of overall change of vessel length in OCTA images.
Area of FAZ
Since the SC disease directly affects the vessel texture with tortuosity and dilation, it is also interesting to compare the change in foveal avascular area for control subjects and SCD patients. The FAZ contour was semi-automatically demarcated and the FAZ was segmented from the OCTA images ( Fig. 4(a) , 4(d)) using an active contour model [26, 27] , where the seed point was manually placed at the center of the fovea. The pixel size of the OCTA image is a known parameter and from this information, the area of the avascular region was calculated using the following equation [12] , 
where A (i,j) represents the pixels occupied by the segmented avascular region. 
Contour irregularity of FAZ
A contour irregularity parameter can be used to express border irregularity and is also an excellent descriptor of spiculation, i.e, spiked nature of the contour [28] . We illustrate the effects of increasing border roughness using contours of avascular area (Fig. 4(c), 4(f) ). The bigger the value of contour irregularity, the more irregular and spiked the contour of the avascular region is. Contour irregularity parameter was calculated with the following equation [28] , 
where O (i,j) represents the pixels occupied by the FAZ contour and R (i,j) represents the pixels occupied by the perimeter of the reference circle.
The contour of the original avascular region was measured; a circle of the same area as the avascular region was used as a reference.
Density of parafoveal avascular region
In order to quantify the density of parafoveal avascular region, fractal dimension (FD) analysis of both the superficial and deep layers were conducted [18] . FD has been considered as a potential biomarker for retina-based disease detection [29] [30] [31] . Fractal is non-Euclidean structures that show self-similarity at different scales. The FD of a structure provides a measure of its texture complexity [32] . The retinal blood vessels and capillaries are complex and rarely have an exact Euclidean shape. Therefore, they can be precisely described by fractal analysis. Many retinal diseases such as SC disease involve vessel abnormalities, including drop out zones in between vascular structures. This requires detailed analysis of the retinal vasculature to understand their role in disease pathophysiology. In our case, local fractal dimension (LFD) analysis which identifies local variations in the vascular network was calculated from the OCTA images by using a moving window of size ( ) ( ) 2 1 2 1 w w + × + using the following equation [33] ,
where ( ) , p i j is the intensity OCTA image, ( ) , q i j is the fractal dimension of the intensity image and (i,j) corresponds to the location of each pixel in the image. Local FD was calculated using window sizes (in pixels) of 3 × 3, 5 × 5, 7 × 7, 9 × 9 and 11 × 11 (w = 1,2,3,4.5).
The FD varies across the image; it is higher in larger vessels compared to that in smaller vessel or non-vascular region [18] . Therefore, the LFD was normalized and plotted as a contour plot (Fig. 5(a), 5(b) ). The normalized LFD with a value close to 1 indicates large vessels and a value close to 0 indicates non-vessel regions, so the regions were classified as follows: the blood vessels and capillaries lie between a value of 0.7 and 1; the nonvascular regions lie between a value of 0.0 and 0.3 and the smaller gaps between vessels lie between a value of 0.3 and 0.7, we define this area as grey zone. The density calculation is expressed in percentage by taking the ratio of the total pixels with corresponding FD values (0 to 0.3 for non-vascular region, 0.7 to 1 for vessel and 0.3 to 0.7 for grey zone) to the total pixels in the analyzed window [18] . Here, vessel densities were calculated in three circular parafoveal regions of diameter 1 mm, 2 mm and 3 mm as shown in Fig. 5(a) and four parafoveal sectors, namely, nasal (N), superior (S), temporal (T), and inferior (I) of a circular zone of diameter 3 mm as shown in Fig. 5(b) .
Results
In Section 3.1 we report the OCTA measurements and their respective variation with SCD. In Section 3.2, we provide comparative information of retinal thickness and discriminant analysis. Among 36 SCR OCTA images in total, 1 OD and 3 OS OCTA images were excluded due to severe image distortions. Figure 1 illustrates representative OCTA image ( Fig. 1(a) ), segmented blood vessel map ( Fig.  1(b) ) and skeletonized blood vessel map (Fig. 1(c) ). The retinal vasculature in SCD patients becomes more complex as the vessels become more tortuous and twisted. As shown in Fig.  1(d) , SCD eyes had much higher tortuosity than the control eyes (48.07% vs. 31.52%, p < 0.001, Cohen's d = 3.69). On average, a tortuosity increase of 16.56% was observed in SCD patients compared to control subjects. Figure 2 illustrates the mean diameters of large blood vessels of superficial OCTA images. It was observed that the averaged diameter of blood vessels of control subjects and SCD patients were 23.65 μm and 30.60 μm, respectively. The mean diameter increased about 29.4% in SCD patients, reflecting a significant dilation in the large blood vessels of SCD patients (p<0.01, Cohen's d = 3.18). Figure 3(a) illustrates the binary vessel perimeter map obtained from the superficial raw OCTA image ( Fig. 1(a) ). VPI provides a good estimation of the change in vessel length for SCD patients. As shown in Fig. 3(b) , the VPI in control subjects is 10.8% and it is 8.31% in SCD patients, so there is a decrease of 2.49% in VPI for SCD patients (p<0.05, Cohen's d = 2.41). Figure 4 (a) and 4(d) illustrates the demarcation of FAZ in raw OCTA images, in control and SCD patients respectively with the binary FAZ segmentation (Fig. 4(b) and 4(e)) and contour map (Fig. 4(c) and 4(f) ). It was observed that the average area of avascular region also increases in SCD patients (52% in deep and 53% in superficial layer). This shows that, for SCD patients FAZ increases, which is possibly a result of rapid drop out of retinal vessels near foveal area (p<0.001, Cohen's d = 4.15). The comparison is illustrated in Fig. 4(g) .
OCTA parameters
Blood vessel tortuosity
Mean diameter of blood vessel
Vessel perimeter index (VPI)
Area of FAZ
Contour irregularity of FAZ
From the segmented FAZ (Fig. 4(b) , 4(e)) we also measured the contour of the region (Fig.  4(c), 4(f) ). As there are complex vascular structure and vessel abnormalities, the contour becomes more irregular in SCD patients rather than a smooth shape in control subjects. The contour irregularity index for control subjects are 1.10 and 1.11 for deep and superficial layers respectively. Our results show that the contour of FAZ from control subjects has 10-11% deviation from an ideal circular contour whereas the contour from the SCD patients has around 46-47% deviation (comparison shown in Fig. 4(h) ). The irregularity and spiculation increase by almost 36% in case of SCD patients for both deep and superficial layers. This clearly indicates the feasibility of this parameter (contour irregularity) as a biomarker of SC disease (p<0.001, Cohen's d = 4.52). Figure 5 illustrates the contour maps with normalized values of local fractal dimension corresponding to OCTA raw images; it also shows the different regions or zones of the image where FD analysis was conducted (Fig. 5(a), 5(b) ). A detailed vasculature density analysis was conducted with the OCTA database. SC disease can lead to vessel drop out zones in the vascular structure of retina, so we measured the density of non-vascular region, vessels, intermediate gaps (grey zones) and compared the changes in density in definite zones. The density comparison was done in three circular parafoveal regions of diameter 1 mm, 2 mm and 3 mm (Fig. 5(a) ) and four parafoveal sectors, namely, nasal (N), superior (S), temporal (T), and inferior (I) of a circular zone of diameter 3 mm (Fig. 5(b) ). The avascular region increased significantly in SCD patients (p<0.01, Cohen's d = 3.24), the vessel density and grey zone density decreased to compensate for the increase of non-vascular regions. Fig. 6 where we can observe the increase of avascular region density for each specific zone and the decrease of grey zone and large vessel densities. For each section in Table 1 the significance of the t-test is marked as: * for p < 0.05; ** p < 0.01; *** p < 0.001. We have also summarized the results for the first five parameters in Table 2 . It illustrates the effect of SCD for the parameters and their sensitivity to it. By observing the P values from the t-test results we get the indication whether the change due to SCD is significant or not. 
Density of parafoveal avascular region
Retinal thickness and discriminant analysis
Retinal thickness was significantly lower in SCD patients than controls (193.61 ± 5.31 um vs. 217.67 ± 6.44 um, p < 0.001, Cohen's d = 3.68). None of the OCTA parameters were significantly correlated with the retinal thickness either in controls or SCD patients except for the area of FAZ in Circle 1 of the superficial layer in SCD patients (r = −0.73, p < 0.001). This correlation analysis suggested that OCTA parameters provided additional information of retinal health than retinal thickness.
Canonical discriminant analysis using retinal thickness and the OCTA parameters indicated most of the OCTA parameters had higher canonical loadings than retinal thickness. The most sensitive OCTA parameters with canonical loadings > 0.3 included: 1) contour irregularity of FAZ in superficial layer, 2) avascular area of Circle 2 in superficial layer, 3) avascular area of the temporal region in superficial layer, and 4) avascular area of the inferior region in deep layer. These four variables could individually or jointly differentiate the SCD patients vs. controls with 100% correct rate.
Discussions
Six OCTA parameters, i.e., blood vessel tortuosity, diameter, VPI, area of FAZ, contour irregularity of FAZ and parafoveal avascular density were developed for quantitative assessment of OCTA images. 36 SCR and 26 normal OCTA images were used for comparative analysis. Among the 36 SCR OCTA images, 1 OD and 3 OS OCTA images were excluded due to severe image distortions. Pathological change of the retina, eye motion and enface OCTA projection artifacts were the main reasons behind the distortion. ReVue software utilizes SSADA algorithm for OCTA construction, with integrated motion correction algorithm. Potential incorporation of removal algorithm of projection artifacts [34, 35] may further improve the OCTA image quality.
A Pearson correlation analysis was conducted to test the relationship between traditional retinal thickness measurement and each of these six OCTA parameters. The analysis revealed that most of OCTA parameters are not significantly correlated with the retinal thickness except for the area of FAZ in Circle 1 (1 mm diameter or 0.5 mm radius from the center) of the superficial layer. This suggests that the OCTA may provide additional information on disease associated vasculature change than retinal thickness only information from traditional OCT. Morphological distortion of retinal blood vessels in SCD patients occurs due to sickle cell anemia [14] [15] [16] . Quantitative analysis of blood vessel tortuosity revealed 19.07% tortuosity increment in SCD group, compared to that in control group. A 29.40% increment of blood vessel diameter was observed in SCD group. A 2.49% decrease was observed for the VPI of the SCD group, which is consistent to the observed increment of blood vessel diameter. FAZ was consistently enlarged and contour irregularity was increased in SCD patients. The FAZ contour irregularity is closely related to tortuosity increase which makes the retinal vessels more irregular and spiked in shape. In contrary, retinal blood vessel densities in both superficial and deep layers were decreased in SCD retinas, compared to normal ones. It is known that proliferative SCD affects the peripheral retinal vasculature, and its manifestations include capillary dropout, arteriolar-venular anastomoses, development of retinal neovascularization and pigmentary changes. Our quantitative analysis of retinal vasculature with FD analysis confirms this effect of SCD on retinal vessels.
Another important aspect of this study was to test the sensitivity of each OCTA parameter for detecting SCR. The canonical discriminant analysis showed that OCTA parameters were more sensitive than retinal thickness and the most sensitive OCTA parameter was contour irregularity of FAZ in superficial layer, avascular density in circle 2 of superficial layer, avascular density in temporal region in superficial layer and avascular density in the inferior region in deep layer. These variables could correctly differentiate the SCD patients from the control subjects. According to the mean calculation of the parameter (supported by t-test and Cohen's d index), it was consistently observed that the most sensitive parameter was the area of FAZ (about 52-53% change in SCD patients) and contour irregularity (both superficial and deep layers) (about 36% change) ( Table 2) . Tortuosity, mean diameter of the vessels and avascular density in temporal regions are moderately sensitive in SCD patients (about 14-29% change). It can be seen that the contour irregularity in superficial layer and avascular density in temporal regions are the most sensitive parameters according to both discriminant analysis and t-test results obtained.
Conclusions
Six parameters have been used for quantitative assessment of OCTA images. Comparative analysis of control and SCD groups reveals statistically significant differences for all of these six parameters. It is observed that the most sensitive parameters were the contour irregularity in superficial layer and avascular density in temporal regions while the area of FAZ, tortuosity and mean diameter of the vessel were moderately sensitive. It is confirmed that the parafoveal non-vascular region density increases as there are vessel drop outs due to SCD. As the nonvascular region increases, the grey zone and vessel density decreases. The study establishes use of the parameters as bio-marker for potential SCR diagnoses and provides a metric for quantifying changes in retinal vasculature in SCD patients.
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